Viral RNA studies often rely on in situ hybridization and reverse transcriptase-PCR to provide snapshots of RNA dynamics in infected cells. To facilitate analysis of cellular RNAs, aptamers Spinach and Spinach2 that bind and activate the conditional fluorophore 3, 5-difluoro-4-hydroxybenzylidene imidazolinon have been developed. To determine the feasibility of applying this technology to viral RNA, we have used cDNA clones of the TE strain of Sindbis virus (SINV) to construct multiple viruses containing one or two copies of tRNA-scaffolded Spinach2 after a second subgenomic promoter, TEds-1Sp and TEds-2Sp within the 3¢UTR, TE-1UTRSp, or after a second subgenomic promoter and in the 3¢UTR, TEds-1Sp+1 UTRSp. TEds-1Sp+1 UTRSp gave the brightest signal and replicated well in cell culture, while TEds-2Sp was the dimmest and replicated poorly. Selection of baby hamster kidney cells infected with TEds-1Sp+1 UTRSp for improved signal intensity identified a virus with a stronger signal and point mutations in the tRNA scaffold. Imaging of SINV in BHK cells showed RNA to be concentrated in filopodia that contacted and transferred RNA to adjacent cells. The effect of treatment with anti-E2 antibody, which effects non-cytolytic clearance of SINV from neurons, on viral RNA was cell-type-dependent. In antibodytreated BHK cells, intracellular viral RNA increased and spread of infection continued. In undifferentiated and differentiated AP7 neuronal cells antibody treatment induced viral RNA clearance. Both viruses with two inserted aptamers were prone to deletion. These studies form the basis for further development of aptamer-labelled viral RNAs that will facilitate functional studies on the dynamics of infection and clearance.
INTRODUCTION
Alphaviruses are plus-strand RNA viruses that cause geographically restricted outbreaks of rash, arthritis and encephalomyelitis and are maintained in a natural cycle between mosquito and vertebrate hosts. Alphavirus genomes are approximately 12 kb, capped and polyadenylated. Four non-structural proteins are translated from the genomic RNA while structural proteins, including surface glycoproteins E1 and E2, are translated from a subgenomic RNA. Sindbis virus (SINV) is an alphavirus that infects neurons and causes viral encephalomyelitis in mice [1] .
In vitro and in vivo studies of SINV clearance from mature neurons have shown that antibody to the E2 glycoprotein decreases virus replication in cultured cells and mediates non-cytolytic clearance of infectious virus from the nervous system of infected mice with incomplete clearance of viral RNA [2, 3] . Mechanistic studies of E2 antibody-mediated clearance in permissive AT3-Bcl2 cells have shown that treatment improves host protein synthesis, Na + K + ATPase function and inhibits virus budding from the cell surface. These changes are accompanied by a transient increase in viral RNA synthesis before decreasing along with reduced virus production [4] . Thus, the regulation of viral RNA synthesis and degradation in infected cells by cellular and immune factors is important for understanding noncytolytic virus clearance from neurons. To facilitate studies of viral RNA dynamics during infection and immunemediated clearance, we sought to determine the feasibility of developing SINV RNA that could be visualized in live cells.
Techniques for fluorescent tagging and visualization of viral proteins during replication (e.g. with GFP or mCherry) are well established [5, 6] , but visualization of viral RNA has been more challenging. Approaches have included fluorescent antisense probe hybridization and molecular beacons that rely on probe delivery into the cells to detect unmodified RNA. RNAs have also been engineered for imaging by inserting repeats that bind GFP-tagged bacteriophage MS2 protein or aptamers that bind a fluorophore [7] .
Recently, the Spinach RNA aptamer and its more stable derivative Spinach2 inserted into RNA have been used in combination with derivatives of the GFP-related conditional fluorophore 4-hydroxybenzidine imidazolinone (HBI) to visualize RNA in live cells [8, 9] . The Spinach2 aptamer is a 95 nt RNA stabilized within a tRNA scaffold [10] that can be inserted into an RNA of interest. When the cellpermeable non-toxic conditional fluorophore 3, 5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) or DFHBI-1T binds the RNA aptamer, the complex becomes activated upon excitation and emits fluorescence that allows live-cell visualization of RNA abundance and localization [8, 11, 12] . This system has been used to tag and image cellular RNAs [8] but has not previously been applied to viral RNA.
For visualization of SINV RNA, we inserted one or two Spinach2 aptamers into full-length SINV cDNA clones either into the 3¢UTR or behind a second subgenomic promoter. In this manuscript we analyse the recovered viruses for brightness, stability, replication and potential for study of the dynamics of viral RNA replication and spread as well as antibody-mediated clearance in live cells.
RESULTS

Construction of SINV-Spinach2
Spinach2 within a tRNA scaffold in the pET28c-Spinach2 plasmid (gift from Samie Jaffrey, Weill Cornell Medical College, New York) [9, 10] was inserted into either the fulllength SINV plasmid TE [13] or TEds (double subgenomic; TE cDNA engineered to include a second subgenomic promoter) [14] (Fig. 1a) . The insertion sites used were a BstEII restriction site downstream of the second subgenomic promoter or an Sph1 site in the 3¢UTR produced by site-directed mutagenesis. Because the sequence of tRNA-scaffolded Spinach2 contains stop codons in all frames, a third site for insertion was not identified. The four constructed SINV plasmids were: TEds1xSpinach2 (TEds-1Sp); TEds2xSpi-nach2 (TEds-2Sp), with one or two copies of Spinach2 after the second subgenomic promoter; TE-3¢UTR1xSpinach2 (TE-1UTRSp), with one copy of Spinach2 in the 3¢UTR; and TEds1x-3¢UTR1xSpinach2 (TEds-1Sp+1 UTRSp), with Spinach2 copies both downstream of the subgenomic promoter and in the 3¢UTR (Fig. 1b) .
Fluorescent signal in cells infected with aptamertagged SINV
To determine production and specificity of a fluorescent signal from aptamer-tagged viruses, the fluorescence of TEds1Sp+1 UTRSp-infected and -uninfected BHK cells with and without exposure to DFHBI were analysed by flow cytometry (Fig. 2a) . A shift of the signal from baseline in the GFP/ FITC channel occurred only when cells were both infected with virus that contained Spinach2 and exposed to DFHBI.
Conditions for imaging intracellular aptamertagged RNA To determine the conditions required for live-cell imaging of aptamer-tagged viral RNA, cells infected with Spinach2 recombinant viruses and incubated with DFHBI were first viewed in an epifluorescence microscope. Little signal was detected and prolonged exposure was not possible due to rapid bleaching. Because, with excess fluorophore in the medium, the signals revived after resting, it was hypothesized that pulse excitation would improve the signal to noise ratio [15] . A laser-scanning confocal microscope provides such pulses because the excitation laser hits each tiny point for just few microseconds during each scanning frame, leading to a very short exposure with a very long rest. Multiple repeated scans on the same frame could therefore be averaged to improve the resolution or summed to increase the signal intensity without photobleaching. The signal was sufficient for Z-stack (Fig. 2b ) and time-lapse imaging (Video S1, available in the online Supplementary Material).
Effects of fluorophore and Spinach2 copy number on fluorescence To determine which recombinant viruses gave the brightest signal, infected cells were visualized both by fluorescence microscopy and flow cytometry (Fig. 3 ). Cells infected with TEds-1Sp+1 UTRSp gave the strongest signal, followed by TE-1UTRSp and TEds-1Sp. Surprisingly, TEds-2Sp was less bright than either of the viruses with only one copy of Spinach2 (Fig. 3a) . To determine the best of the aptamer conditional fluorophores that have been developed based on the GFP-related fluorophore HBI, we compared the signals from DFHBI and DFHBI-1T by flow cytometry. DFHBI-1T provided a better signal than DFHBI and is more compatible with available laser and filter sets [11] (Fig. 3b) . DFHBI-1T readily enters cells and the intracellular SINV-RNA-Spinach2 signal reached peak intensity within a few minutes after addition (Fig. 4a, b and Video S2).
Effect of Spinach2 tagging on virus replication
To evaluate the effect of Spinach2 tagging on virus replication, virus production was assessed in generally permissive BHK and cycling cAP7 undifferentiated neuronal cells and in more restrictive non-dividing differentiated neuronal dAP7 cells (Fig. 5a ) [16] . Insertion of Spinach2 into the 3¢UTR had no effect on replication while insertion after a second subgenomic promoter sometimes impaired replication. In particular, replication of TEds-2Sp compared to the parent TE virus was reduced 10-20-fold in BHK and cAP7 cells, but was similar in less permissive dAP7 cells, perhaps due to the higher temperature used for culture of dAP7 cells.
Directed viral evolution improves the brightness of SINV-Spinach2
To select for the brightest viruses TEds-1Sp+1 UTRSpinfected BHK cells were sorted by flow cytometry (Fig. 2a , box R8) for the 15 brightest cells out of 15 000 events (1 : 1000). Viruses originating from these bright cells were expanded, quantified and retested for signal intensity in BHK cells. The 1d11 clone was selected for second-round sorting, because the brightest clone (1c9) did not replicate well. In the second-round sorting with 1d11-infected BHK cells, propidium iodide exclusion was used to include only single live cells. The 53 brightest cells were sorted from 17 million events (1 : 3 00 000). The 12 brightest viral clones were expanded, quantified and retested for signal intensity.
Clone 1a5 was 68 % brighter than the original TEds1Sp+1 UTRSp (Fig. 3b) , without a difference in replication efficiency in either BHK or dAP7 cells (Fig. 5b) . Sequencing from the second subgenomic promoter to the 3¢ end of 1d11 and 1a5 and comparison with parent TEds-1Sp+1 UTRSp detected point mutations in the tRNA scaffold (Fig. 6b) .
Stability of Spinach2-tagged viruses
To determine the stability of the recombinant viruses, gel electrophoresis of reverse transcriptase-PCR (RT-PCR) products of viral RNA extracted from transfection supernatant fluids were analysed (Fig. 6 ). Viruses that had only one copy of Spinach2 showed a single band with the correct length, but viruses with two Spinach2 copies had more than one band (Fig. 6a ). TEds-2Sp had three bands consistent with deletion of one copy of tRNA-Spinach2 and TEds1Sp+1 UTRSp and 1a5 (not shown) had two bands, the correct length and a shorter one. Plaque purification could not separate viruses with full-length RNA from those with the deletion and two bands were present in all eight viral clones purified from TEds-1Sp+1 UTRSp (Fig. 6a) . Sequencing of the shorter RNA showed a deletion of 341 bases that included one copy of tRNA-Spinach2 (168 bases) and part of the 3¢UTR (Fig. 6b) . Therefore, this RNA may be defective in replication. In vitro evaluation of viral RNA dynamics, distribution and antibody-mediated clearance To preliminarily assess the value of recombinant viruses for analysis of viral RNA under experimental conditions, BHK cells infected with TEds-1Sp+1 UTRSp were imaged for the onset of viral RNA replication in individual cells and spread in the culture (Fig. 4c and Video S3). Interestingly, infected cells concentrated viral RNA at the tip of filopodia that contacted adjacent non-infected cells. Viral RNA was subsequently observed at the contact site of the uninfected cell, followed by spread throughout the cytosol ( Fig. 4c and Video S4). To visualize the effect of addition of neutralizing anti-SINV E2 antibody on viral RNA, infected BHK cells were imaged. As previously observed in AT3-Bcl2 cells [4] , the amount of intracellular viral RNA increased 4 h after addition of antibody (Fig. 7a, b) , perhaps due to interaction with plasma membrane-associated replication complexes that prevents internalization, as noted with phosphatidylinositol-3-kinase inhibitors [17] . Antibody treatment also did not inhibit spread of the virus from infected BHK cells to adjacent uninfected cells (Fig. 7c and Video S5). Neuronal cAP7 cells were also imaged after infection with TEds-1Sp+1 UTRSp (Fig. 7d-g ). In contrast to the increase in BHK cells, anti-E2 antibody treatment decreased viral RNA in cAP7 cells. Imaging of the interaction of DyLight594-conjugated anti-SINV E2 with TEds-1Sp+1 UTRSp-infected cells showed antibody bound to the infected cell membranes more intensely with longer incubation. Increasing amounts of bound antibody likely reflect an accumulation of viral glycoproteins at the cell surface due to inhibition of virus budding. As more antibody bound, less viral RNA (Spinach2 signal) was present intracellularly (Fig. 7d-g ).
SINV replication is restricted in differentiated neuronal cells (Fig. 5) [16, 18] , so levels of viral RNA are lower in infected dAP7 cells than in infected BHK and cAP7 cells. With low viral RNA copy number, the Spinach2 signal intensity from TEds-1Sp+1 UTRSp was very close to the autofluorescence associated with differentiated neurons. Spectral imaging showed a 505 nm emission peak from Spinach2 and a smooth autofluorescence curve (Fig. 8a) . Linear unmixing that revealed perinuclear autofluorescent granules and viral RNA accumulated at the tips of dendritic-like processes allowed evaluation of intracellular Spinach2-tagged viral RNA (Fig. 8a , (Fig. 8c) . The occasional cell with little bound antibody continued to express viral RNA.
DISCUSSION
These studies explored the feasibility of developing fluorescent viral RNA for live-cell imaging and have shown that alphaviral RNA containing one or two copies of the tRNAscaffolded Spinach2 aptamer can be successfully constructed and that, in combination with the conditional fluorophore DFHBI-1T and laser activation, it can be visualized in infected cells. Using cDNA clones of the TE strain of SINV, the Spinach2 aptamer could be inserted both into the 3¢UTR and after a second subgenomic promoter. Characterization of the resultant recombinant viruses showed that fluorescence was specific and that brighter clones could be selected with flow cytometry, but that viruses with two copies of the aptamer tended to be unstable. Using this system, we showed that viral RNA concentrated in the filopodia of infected BHK cells and then spread through sites of contact to uninfected cells and that responses of infected cells to treatment with antibody to the E2 glycoprotein were celltype-dependent. Infected BHK cells had increased amounts of viral RNA and infection continued to spread after addition of antibody while infected AP7 neuronal cells cleared viral RNA through an antibody-dependent process. These studies provide the basis for developing improved tools for imaging viral RNA in real time.
Previous successful examples of Spinach labelling and visualization of RNA have been the abundant 5S-ribosomal RNA (10 7 molecules/cell) and CGG-triplet repeat RNAs [8, 9] . Viral RNAs are less abundant than these cellular RNAs with an estimated 5Â10 5 SINV subgenomic RNA molecules per cell and 10 7 to 10 8 molecules of viral structural proteins [19] . Therefore, the relatively small amount of viral RNA and low signal intensity of the aptamers are a challenge for visualization. More copies of Spinach2 did not always result in a stronger signal. TEds-1Sp+1 UTRSp with Spinach2 copies inserted separately after a second subgenomic promoter and into the 3¢UTR had the best signal, although deletion led to a mixed population of viral RNAs. Insertion of two Spinach2 copies together as a concatamer after the second subgenomic promoter in TEds-2Sp gave the dimmest signal due at least in part to poor virus production. However, signal intensity may also reflect lower brightness due to altered aptamer folding rather than differences in the amount of RNA.
Directed viral evolution was used to improve the signal. After two cycles of sorting by flow cytometry for the brightest viral clone, a virus (1a5) with increased signal intensity and comparable replication in BHK cells was selected. Sequencing revealed mutations in the tRNA scaffold sequence suggesting that the improved signal was likely due to better stability of RNA-folding. The directed evolution approach has recently been used to discover a new aptamer, Broccoli [20] . This brighter and smaller RNA-aptamer in a more stable F30 scaffold may have advantages over tRNASpinach2 for imaging viral RNA in the future [20] [21] [22] .
Although the signals improved, TEds-1Sp+1 UTRSp and its mutants were not stable. There were always two viral populations with different genome sizes, one with the correct sequence and the other with a large deletion. Presence of the deletion persisted in all plaque-purified viral clones, so deletion likely occurs during viral replication due to homologous recombination and intracellular cleavage of the tRNA scaffold [22] .
Location of the aptamers will determine the viral RNAs that are labelled. In the 3¢UTR both genomic and subgenomic RNAs will be labelled. Insertion after the second subgenomic promoter will result in production of an additional small labelled RNA. Sites for insertion of tRNA-scaffolded Spinach2 are limited by stop codons within the aptamer sequence, but new smaller aptamers may provide more flexibility for insertion. Future development of aptamer-tagged alphavirus RNA will focus on developing insertion sites that allow specific localization of genomic RNA.
Other limitations to be overcome include instability and poor replication in differentiated neurons where visualization is further complicated by autofluorescence. The problem of autofluorescence was partially overcome by separating the Spinach2 and autofluorescence emission spectra with linear unmixing. Both new aptamers such as Broccoli and new fluorophores with emission at wavelengths where autofluorescence is less problematic are under development and are likely to result in improved visualization of viral RNAs [11] .
Aptamer-tagged SINV will be valuable for many applications where RT-PCR and FISH techniques are not particularly useful. For live-cell imaging, the relative amounts of viral RNA in each cell/organelle can be quantified and its distribution visualized. In the current studies, we were able to document virus spread from cell to cell through filopodia, as observed with fluorescent-tagged viral proteins [5, 6] and document cell-type-specific effects of antibody to the E2 glycoprotein on viral RNA clearance. In the future, 3D reconstruction or FRET will allow colocalization of viral RNA with fluorescent-labelled viral or host proteins.
METHODS
Recovery of recombinant Spinach2-tagged viruses All cDNA constructs (Fig. 1b) were sequenced to confirm the correct insertions and orientations. mRNAs were produced from each construct by SP6 mMessage mMachine (Ambion) after linearization of the plasmid with XhoI (New England Biolabs). 200 µl Opti-MEM (Gibco) with 20 µg mRNA was mixed into 200 µl Opti-MEM containing 40 µl Lipofectamine 2000 (Life Technologies). After adding 3.6 ml Opti-MEM, the mixture was applied to nearly confluent BHK cells in a T150 flask and incubated for 4 h with intermittent rocking. The transfection mixture was then replaced by 12 ml of Dulbecco's Modified Eagle Medium (DMEM, Gibco) with 1 % heat-inactivated FBS (Atlanta Biologicals), 1 % PenStrep (PS, Gibco) and 2 mM glutamine (Gibco). At 24 h, the supernatant fluids were collected and frozen in aliquots at À80
C. Titres of the recombinant viruses produced were determined by plaque assay on BHK cells.
Cell culture, differentiation and infection BHK cells were cultured in DMEM, supplemented with 10 % FBS, 1 % PS and 2 mM glutamine. AP7 rat olfactory neurons, transformed with a temperature-sensitive SV40 T antigen [23] , were either maintained as cycling cells (cAP7) at 33 C with 7 % CO 2 , or were differentiated (dAP7) by [24] . Because of greater compatibility with the imaging system, most images were obtained using DFBHI-1T. For confocal microscopic imaging (Zeiss LSM780CS, Axio Observer Z1, Zen Software), a 488 nm laser was used for excitation of Spinach2-fluorophore complexes and the laser power and gain were adjusted to minimize autofluorescence from TE (no Spinach2)-infected cells. When the signal overlapped with auto fluorescence, the lambda mode was used to capture emission spectrum of each pixel in the image. Because the emission spectra were different, Spinach2 could then be separated from autofluorescence by linear unmixing (Zen Software). Time-lapse experiments were performed in a heated chamber at 24 % humidity using the same temperature and CO 2 conditions used for culture of each cell type. Images were analysed with ImageJ Software.
Flow cytometry
Infected and uninfected BHK cells were trypsinized, resuspended in imaging medium and incubated with or without fluorophores at 37 C for 30 min. Cell suspensions were filtered through a 70 µm nylon filter. Data were acquired on a BD FACSCanto II flow cytometer in the GFP/FITC channel and analysed with FlowJo (TreeStar). 
Directed viral evolution
Virus replication and plaque purification
To assess virus replication, BHK, cAP7 and dAP7 cells were infected in triplicate at a BHK m.o.i. of 5. Culture conditions were: 37 C/5 % CO 2 for BHK cells, 33 C/7 % CO 2 for cAP7 cells and 39 C/5 % CO 2 for dAP7 cells. Supernatant fluids were collected at 3, 6, 9, 12, 18 and 24 h for virus quantification by plaque assay in BHK cells. For plaque purification the agar over a plaque was aspirated, re-suspended in 100 µl PBS, kept at 4 C overnight and then propagated in BHK cells.
Agarose gel electrophoresis Viral RNA from infected BHK supernatant fluids following transfection, sorting and plaque purification was amplified by RT-PCR. The PCR products were separated by agarose gel electrophoresis, stained with ethidium bromide and captured with Gel Doc (Bio-Rad). Selected bands were sequenced. 
Treatment of infected cells with antibody
